Two new co-crystals, Ticagrelor with Nicotinamide, have been prepared with improved solubility. Because Ticalegor has a poor solubility and dissolution rate, a novel co-crystallization method with structurally homogenous crystalline material, an active pharmaceutical ingredient (API), and co-former indefinite stoichiometric amount has been made to improve Ticagrelor's solubility. The co-crystal of Ticagrelor (TICA) with Nicotinamide (NCA) was prepared in ratio (1:1) and confirmed by FTIR, DSC, and XRD characterization. Furthermore, the single crystal structure of TICA-NCA hydrate was analyzed. The solubility of co-crystals was investigated in pH 2 acidic medium, which was a significant improvement as compared to the solubility of a free drug. The in vitro dissolution rate of co-crystal was larger than that of the commercial product.
Introduction
Ticagrelor (TICA) is an oral anti-platelet drug used with low dose aspirin to decrease the risk of myocardial infarction and stroke in patients with acute coronary syndromes [1] [2] [3] . TICA is a non-thienopyridine, reversible inhibitor of adenosine diphosphate (ADP) receptors (P2Y 12) on platelets and is used to decrease the risk of recurrent coronary thromboses. In clinical trials, TICA therapy during acute coronary events decreases the frequency of recurrence of myocardial infarction and stent thrombosis. TICA was approved for use in the United States in 2011. Current indications for potential use are the reduction of recurrent cardiovascular events in patients with acute coronary syndromes. Side effects are not common, but can include bleeding (12%), dyspnea (14%), headaches, nausea, diarrhea, hypotension, and hypersensitivity reactions [4] [5] [6] [7] [8] [9] .
The improvement of the physicochemical properties of active pharmaceutical ingredients (APIs) with solubility-limited bioavailability is of paramount importance in the pharmaceutical development of drug molecules [10, 11] . In their ever-increasing efforts to produce materials with improved properties, notably solubility, bioavailability, and stability, pharmaceutical scientists have delved into exploring the scope of solid-state structural variations that can be obtained using salts, polymorphs, and co-crystals of molecules assembled in a single lattice structure [12, 13] . Early detection of alternative solid forms, such as polymorphs, hydrate, solvates, salts, co-crystals, and amorphous can lead to significant benefits throughout various stages of drug development [14] [15] [16] [17] .
Pharmaceutical co-crystals are a multi-component solid form containing APIs and benign non-toxic conformers [11] . The properties of the drug can be modulated through forming the co-crystal to improve its solubility, dissolution rate [18] , stability [19] [20] [21] , hygroscopicity [22] , compressibility [23] , and thus affecting bioavailability [24] . From a scientific point of view, solvates and hydrates can be considered a subgroup of co-crystals. The solvent, or the water, acts as a co-former, which is the same as other co-formers. Based on the functional groups present in TICA, triazole moiety, pyrimide moiety, hydroxyl, and amino moiety are the most likely groups to form a supramolecular synthon (O-H . . . O, O-H . . . N, N-H . . . O, N-H . . . N) with other generally regarded as safe (GRAS) co-former molecules. Along these lines, a series of multi-component solid phases with the co-formers involving acetylsalicylic acid, glycolic acid, salicylic acid, capric acid, gentisic acid, glutaric acid, vanillic acid, succinic acid, and malonic acid appeared [25] . Five anhydrous polymorph crystals of TICA-Forms I, II, III, IV and V were reported [3] , but their solubility is poor. The form of TICA is the solid form currently available on the market with the solubility of only 16 µg/mL, which is obtained most easily by a common re-crystallization method. Thus far, no crystal structure of the above TICA co-crystals with nicotinamide has been covered.
Experimental Section

Materials
Ticagrelor was provided by Zhejiang Jingxin pharmaceutical Co., Zhejiang, China. Nicotinamide was purchased from Aladdin (Shanghai, China). The molecular structure of TICA and NCA are shown in Scheme 1. All other solvents and chemicals were of analytical grade. and hydrates can be considered a subgroup of co-crystals. The solvent, or the water, acts as a co-former, which is the same as other co-formers. Based on the functional groups present in TICA, triazole moiety, pyrimide moiety, hydroxyl, and amino moiety are the most likely groups to form a supramolecular synthon (O-H…O, O-H…N, N-H…O, N-H…N) with other generally regarded as safe (GRAS) co-former molecules. Along these lines, a series of multi-component solid phases with the co-formers involving acetylsalicylic acid, glycolic acid, salicylic acid, capric acid, gentisic acid, glutaric acid, vanillic acid, succinic acid, and malonic acid appeared [25] . Five anhydrous polymorph crystals of TICA-Forms Ⅰ, Ⅱ, Ⅲ, IV, and Ⅴ were reported [3] , but their solubility is poor. The form of TICA is the solid form currently available on the market with the solubility of only 16 μg/mL, which is obtained most easily by a common re-crystallization method. Thus far, no crystal structure of the above TICA co-crystals with nicotinamide has been covered.
Experimental Section
Materials
Ticagrelor was provided by Zhejiang Jingxin pharmaceutical Co., Zhejiang, China. Nicotinamide was purchased from Aladdin (Shanghai, China). The molecular structure of TICA and NCA are shown in Scheme 1. All other solvents and chemicals were of analytical grade. 
Preparation of New Solid State Forms
The co-crystals of TICA were prepared using a solution crystallization method. Solution crystallization can yield large, well-formed crystals, from which one may easily evaluate crystal habit and surface features.
TICA-NCA hydrate: Equimolar quantities of TICA (0.57 mol) and NCA (0.57 mol) were added to 5-8 mL ethyl acetate solvent in a 50 mL round-bottomed flask. The slurry was stirred and refluxed at 70 °C for 3 h. The obtained clear solution was cooled down slowly to the room temperature to induce the crystallization. Upon formation of solid crystal were filtered and dried.
TICA-NCA: Equimolar quantities of TICA (2.3 mol) and NCA (2.3 mol) were dissolved in 2-5 mL ethyl at 70 °C. The resulting solution was cooled down slowly to 50 °C and sustained at this temperature for 2 h. Solid crystals were obtained, filtered, dried at 60 °C for 2 h.
Growing single crystals: Single crystal of TICA-NCA hydrate was formed by slow evaporation of saturated solution of co-crystals in ethyl acetate at room temperature.
Powder X-ray Diffraction (PXRD) Study
The diffraction patterns were measured on Rigaku D/Max-2550PC diffractometer (Rigaku, Tokyo, Japan) using a rotating anode Cu-target X-ray (λ = 1.5406 Å) generator operated at 40 kV and 250 mA. The incidence Cu Ka X-ray beam was monochromatized by a vertical graded multiplayer mirror to remove the Kβ radiation and to obtain a paralleled beam with a width of 0.8 mm. The scans ran from 3.0 to 40.0° 2θ, with an increasing step size of 0.02° and count time of 0.5-1 s. 
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Differential Scanning Calorimeter (DSC) Study
DSC analysis was performed on a TA DSCQ100 differential scanning calorimeter (TA Instruments, New Castle, Germany) at a heating rate of 10 • C/min under a nitrogen flow of 50 cm 3 /min. Approximately 4-7 mg powder samples were used for differential scanning calorimeter (DSC) analyses. A temperature range of 35-220 • C was scanned. The calibrated temperature accuracy was ±0.02 • C.
Fourier Transform-Infrared Spectroscopy (FT-IR)
FT-IR spectra were recorded using a VECTOR-22 Fourier infrared spectrometer (Bruker Instruments, Karlsruhe, Germany) in the spectral range of 4000-400 cm −1 in the KBr diffuse reflectance mode. Powder samples (about 2 mg) were manually mixed with 100 mg of dry KBr in an agate mortar and pressed into thin pellets. Data were analyzed using Spectrum software.
Single Crystal X-ray Diffraction (SCXRD)
A single crystal of suitable size and good quality was measured using an area detector on a Rigaku R-AXIS-RAPID diffractometer (Rigaku, Tokyo, Japan) with graphite monochromatic Mo-Kα radiation (λ = 0.71069 Å). Data reduction was performed with Crystal Structure [26] . The crystal structure was solved with direct methods using SHELX-S [27] program and refined on F2 sanisotropic ally by a full-matrix, least-squares method using the SHELX-L program. Anisotropic displacement parameters for no n-hydrogen atoms were applied. Hydrogen atoms were placed at the metrically calculated positions and were refined isotropic ally using a riding mode. ORTEP [28] and Diamond [29] were used for creation of figures.
Transformation Study
The transformation experiment was done by storing both the TICA-NCA anhydrate and TICA-NCA hydrate in an airtight desiccator saturated with KNO 3 solution under the condition of 25 • C/75% RH. The sample was measured in an interval of five days to observe the change on the PXRD patterns. The dehydration experiment was performed by putting the hydrate form in vacuum drying oven (Labcompare, South San Francisco, CA, USA) at 45 • C; the sample was fetched for measurements every hour to observe the changes in the PXRD patterns.
Solubility and Dissolution Measurement
The solubility studies of TICA, TICA-NCA, and TICA-NCA hydrates were measured by a Thermo Scientific Evolution 300 Ultraviolet-visible (UV-Vis) spectrometer (Thermo Scientific, Waltham, MA, USA) at pH 2 at 37 • C. The concentrations of TICA, TICA-NCA, and TICA-NCA hydrate were calculated by means of a standard graph, which was made by measuring the absorbance of varied concentrations at their respective λ max . From the slope of the calibration curves, molar extinction coefficients for each co-crystal/drug were calculated.
The solubility of TICA, TICA-NCA, and TICA-NCA hydrates were done using excess amounts of samples in acid medium. An excess amount of the sample was added to 5 mL of medium pH 2 acid solution, respectively. The supersaturated solution was stirred at 100 rpm using magnetic stirrer at 37 • C. After 24 h, the suspension was filtered through Whitman's 0.45 syringe filter paper. The filtered aliquots were diluted sufficiently, and the absorbance was measured at their λ max .
The intrinsic dissolution studies of pure drug and co-crystals were done using equal molar samples. The samples were directly poured into 500 mL pH 2 acidic solutions and stirred with 100 rpm for 240 min at 37 • C. At regular intervals, 5 mL of the dissolution medium was withdrawn and replaced by an equal volume of fresh medium to maintain a constant volume. Each solution removed was measured the absorbance at λ max .
Results and Discussion
Preliminary co-crystallization experiments of TICA with NCA revealed the existence of dimorphs of TICA-NCA co-crystals, a novel anhydrate and dihydrate of co-crystal. The hydrates of single-component solids are a common phenomenon [30] . However, the hydrates of multi-component solids are small in size and possess the ability to form multiple hydrogen bond patterns, and furthermore appear during the process to prepare co-crystals [31] [32] [33] for water. The co-crystal hydrate has some unique and apparent characteristics that are found in the properties of drugs. Due to its unique features, it has a prominent role and important value for diverse and various co-crystal forms. Especially, when the situation is such that the polymorphs of co-crystals are much less than the single compound of APIs, for the possibility of the limited method is applied to screen co-crystal polymorphs [34, 35] . Furthermore, co-crystal hydrates bring an alternative route to expand the new solid forms involving APIs as well as to create intellectual property protection. The study about the transformation between co-crystal anhydrate and co-crystal hydrate was also conducted to enrich the dehydration mechanism between co-crystal anhydrate and co-crystal hydrate. The TICA-NCA hydrate can convert to TICA-NCA anhydrate when heating-e.g., in a vacuum drying oven at 45 • C for four hours. Furthermore, the co-crystal dihydrate can be obtained after depositing the co-crystal anhydrate at high humidity condition. There was no crystal transfer found for the co-crystal hydrate at 25 • C and 75% RH, even for 35 days, indicating that the TICA-NCA dihydrate was resistant to the high humidity environment.
All of the newly discovered solid-state forms were further characterized using various analytical techniques.
Crystal Structure Analyses
A single crystal of TICA-NCA hydrate was obtained by slow evaporation from ethyl acetate at room temperature. However, we were not successful in growing single crystals of TICA-NCA despite intense efforts following rational approaches. Hence, this section deals with the crystal structure analysis of TICA-NCA hydrate, which provides insights on the crystal packing and hydrogen bond interactions. TICA-NCA hydrate crystallizes in orthorhombic space group P222 1 with the asymmetric unit, as shown in Table 1 , consisting of one TICA molecule, one NCA molecule, and two molecules of water at a ratio of 1:1:2. There is no proton transfer involved among the TICA and NCA molecules, while two molecules of water trapped in the crystal lattice as shown in Figure 1 . Thus, TICA-NCA hydrate is a co-crystal dihydrate. The pyridine ring of NCA is almost coplanar to the triazole ring in TICA. Rich hydrogen bond interactions (Table 2) are built in the crystal packing. The amide group of NCA forms a hetero synthon with the ether group oxygen, hydroxyl group, and amino group of trizole from the Ticagrelor feature, forming O4-H4 . . . O5, N7-H7A . . . O3, N7-H7B . . . N3 hydrogen bonds. These interactions lead to the formation of two-ring motifs that can be described by the [R 2 2 (9)] graph set notations [36] . Meanwhile, water molecules play an important role in maintaining the crystal integrity. The O 6 atom in a water molecule serves as both the hydrogen bond receptor and donor to form N6-H6 . . . O6 ii , N8-H8 . . . O6 ii [symmetric code: (ii) 1 − x, y, 0.5 − z], O6-H71 . . . O7 hydrogen bonds with the amino group of TICA, the pyridyl N atom of NCA, and another water molecule respectively forming R 2 2 (16) and [R 3 3 (14)] hydrogen bond motif, as shown in Figure 1b . The complex interactions make the crystal structure extend along the c-axis with the corrugated like ribbon. Furthermore, the paralleled layers are connected by short connect hydrogen bonds stacking along the a-axis, as shown in Figure 1c . 
Powder X-ray Diffraction (PXRD)
The PXRD pattern of a crystalline sample is considered as the fingerprint of its crystal structure. Every new crystalline material exhibit unique peaks indicative of diffractive from specific atomic planes [37] . The PXRD patterns of pure drug and TICA-NCA co-crystals (anhydrate and hydrate) summarized in Symmetry Codes (i) −x + 1, y, −z + 1/2 (ii) x,−y + 1, −z + 1.
The PXRD pattern of a crystalline sample is considered as the fingerprint of its crystal structure. Every new crystalline material exhibit unique peaks indicative of diffractive from specific atomic planes [37] . The PXRD patterns of pure drug and TICA-NCA co-crystals (anhydrate and hydrate) summarized in Figure 2 . TICA-NCA co-crystals (anhydrate and hydrate) exhibits distinguishable diffraction peaks different from those of TICA. The PXRD pattern of co-crystals showed new peaks at 2θ values of 4. 
Differential Scanning Calorimeter (DSC) Analysis
DSC analyses are widely used to characterize co-crystals. In DSC analysis, the thermal curve of pure TICA and the newly prepared co-crystals reported in Figure 3 . The thermal curve of the pure drug indicated its crystalline anhydrous state, exhibiting a sharp endothermal effect at 137.5 °C. The 
DSC analyses are widely used to characterize co-crystals. In DSC analysis, the thermal curve of pure TICA and the newly prepared co-crystals reported in Figure 3 . The thermal curve of the pure drug indicated its crystalline anhydrous state, exhibiting a sharp endothermal effect at 137.5 • C. The two new co-crystals showed a different melting compared to the active pharmaceutical free drug of TICA, thus confirming the co-crystal identity. The DSC scan of TICA-NCA showed single melting endothermic peak at 122.4 • C, which is different than its individual component (TICA form II 137.5 • C). The only existing endothermic peak, due to the melting of co-crystal, confirms the TICA-NCA co-crystal to be anhydrous form. The DSC curve of TICA-NCA hydrate showed two broad endothermic peaks in the temperature range of 50-80 • C at which temperature the dehydration process occurred, followed by melting at 120.5 • C, as shown in Figure 3 . Figure 2. (a) The PXRD patterns of TICA, TICA-NCA, and TICA-NCA hydrate and (b) experimental and simulated XRD patterns of TICA-NCA hydrate.
DSC analyses are widely used to characterize co-crystals. In DSC analysis, the thermal curve of pure TICA and the newly prepared co-crystals reported in Figure 3 . The thermal curve of the pure drug indicated its crystalline anhydrous state, exhibiting a sharp endothermal effect at 137.5 °C. The two new co-crystals showed a different melting compared to the active pharmaceutical free drug of TICA, thus confirming the co-crystal identity. The DSC scan of TICA-NCA showed single melting endothermic peak at 122.4 °C, which is different than its individual component (TICA form Ⅱ 137.5 °C). The only existing endothermic peak, due to the melting of co-crystal, confirms the TICA-NCA co-crystal to be anhydrous form. The DSC curve of TICA-NCA hydrate showed two broad endothermic peaks in the temperature range of 50-80 °C at which temperature the dehydration process occurred, followed by melting at 120.5 °C, as shown in Figure 3 . 
FT-IR Spectroscopy Analysis
Changes in the vibrational frequencies due to co-crystal formation can be easily monitored by FT-IR spectroscopy. In the case of polymorphic structures, differences in the hydrogen bonding lead 
Changes in the vibrational frequencies due to co-crystal formation can be easily monitored by FT-IR spectroscopy. In the case of polymorphic structures, differences in the hydrogen bonding lead to changes in the vibrational frequencies of the functional groups that participated in hydrogen bonds. As shown in Figure 4 , TICA exhibited two C-O stretching vibrations at 1109 cm −1 and 1050 cm −1 , which merged into a single stretching vibration in the TICA-NCA hydrate at 1094 cm −1 , due to a shift caused by the hydrogen bond interaction N-H . . . O, involving ether group of TICA. When compared to the parent substances, the dominant difference existed in the carbonyl group stretching frequency of TICA, which shifted from 1621 cm −1 to 1704 cm −1 . This implies that hydrogen bonds build the carbonyl group of TICA within the TICA-NCA co-crystals. Furthermore, all the shifts in the infrared spectrum confirm the co-crystal identity. to changes in the vibrational frequencies of the functional groups that participated in hydrogen bonds. As shown in Figure 4 , TICA exhibited two C-O stretching vibrations at 1109 cm −1 and 1050 cm −1 , which merged into a single stretching vibration in the TICA-NCA hydrate at 1094 cm −1 , due to a shift caused by the hydrogen bond interaction N-H…O, involving ether group of TICA. When compared to the parent substances, the dominant difference existed in the carbonyl group stretching frequency of TICA, which shifted from 1621 cm −1 to 1704 cm −1 . This implies that hydrogen bonds build the carbonyl group of TICA within the TICA-NCA co-crystals. Furthermore, all the shifts in the infrared spectrum confirm the co-crystal identity. 
Hirshfeld Surface (HS) Analysis
The Hirshfeld surface (HS) emerged from an attempt to define the space occupied by a molecule in a crystal for the purpose of partitioning the crystal electron density into molecular fragments [37] . HS analysis is regarded as a useful tool to assess the intermolecular interaction in 
The Hirshfeld surface (HS) emerged from an attempt to define the space occupied by a molecule in a crystal for the purpose of partitioning the crystal electron density into molecular fragments [37] . HS analysis is regarded as a useful tool to assess the intermolecular interaction in molecular crystals (co-former and drug). In order to evaluate the close interaction between the TICA and NCA molecules, the HS analysis were generated using Crystal Explore [38] . The interaction between the amide group of NCA and the ether group oxygen, hydroxyl group, and amino group trizole of TICA, can be seen in the HS as the bright red areas; the HS of TICA and co-former NCA are shown in Figure 5 
The Hirshfeld surface (HS) emerged from an attempt to define the space occupied by a molecule in a crystal for the purpose of partitioning the crystal electron density into molecular fragments [37] . HS analysis is regarded as a useful tool to assess the intermolecular interaction in molecular crystals (co-former and drug). In order to evaluate the close interaction between the TICA and NCA molecules, the HS analysis were generated using Crystal Explore [38] . The interaction between the amide group of NCA and the ether group oxygen, hydroxyl group, and amino group trizole of TICA, can be seen in the HS as the bright red areas; the HS of TICA and co-former NCA are shown in Figure 5 Fingerprint plots of the Hirshfeld surface of the crystal structure are key tools for the calculation of the density of intermolecular contacts present in a crystal. The combination of (de and di) in the form of a 2D fingerprint plot [39] provides a summary of the intermolecular contacts in the crystal [40] . The fingerprint plots presented here were generated using Crystal Explore. TICA-NCA hydrate to highlight particularly close contacts. This decomposition enables separate contributions from different interaction types, which commonly overlap in the full fingerprint, illustrating the decomposition of the fingerprint plots for H-H/H-H, O-H/H-O, F-H/H-F, N-H/H-N, and C-H/H-C in crystal of TICA-NCA hydrate, highlighting the separate intermolecular contacts. To provide context, the outline of the full fingerprint is shown in grey; the blue area shows the separate contact. Through this we can demonstrate that TICA-NCA hydrate is of high stability. 
Solubility and Dissolution Rate
It is well known that the solid form of APIs have a substantial impact on the solubility and dissolution profiles of drug [41] . Therefore, it is important to select an appropriate API solid state forms for successful drug development. According to the Biopharmaceutical Classification System (BCS), TICA was classified as a low solubility and low permeability drug (BCS class IV). The absolute bioavailability of TICA is in range 30-42% [40] . Super saturation API solid forms such as salts and solvates would be effective to increase the bioavailability of a drug [42] . Both TICA-NCA 
It is well known that the solid form of APIs have a substantial impact on the solubility and dissolution profiles of drug [41] . Therefore, it is important to select an appropriate API solid state forms for successful drug development. According to the Biopharmaceutical Classification System (BCS), TICA was classified as a low solubility and low permeability drug (BCS class IV). The absolute bioavailability of TICA is in range 30-42% [40] . Super saturation API solid forms such as salts and solvates would be effective to increase the bioavailability of a drug [42] . Both TICA-NCA and TICA-NCA hydrate showed about four and four and a half times higher solubility than the commercial, hence demonstrating a significant improvement in the solubility and an advantage in the formulation of co-crystallization, as shown in Figure 7 . Furthermore, both co-crystals reached the same equilibrium concentration after four hours though the TICA-NCA hydrate had, and a faster dissolution rate than the TICA-NCA at an early time.
and TICA-NCA hydrate showed about four and four and a half times higher solubility than the commercial, hence demonstrating a significant improvement in the solubility and an advantage in the formulation of co-crystallization, as shown in Figure 7 . Furthermore, both co-crystals reached the same equilibrium concentration after four hours though the TICA-NCA hydrate had, and a faster dissolution rate than the TICA-NCA at an early time. 
Conclusions
Co-crystals represent a promising new approach for improving the crystallinity, physicochemical, solubility, and bioavailability properties of pharmaceutical compounds. The present study focused on the preparation of TICA and NCA co-crystals to enhance the solubility of TICA, as well as obtain further insights into the structure of these solid state forms. Formation of TICA co-crystal with NCA was studied by PXRD, DSC, and FT-IR. With regard to the results, it can be confirmed that the co-crystal was able to overcome the solubility drawback. Consequently, co-crystals of TICA-NCA and TICA-NCA hydrate were presumed as potential APIs possessing enhanced absorption property compared to the free drug TICA.
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